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I. Introduction
The Supersonics Project of NASA's Fundamental Aeronautics Program is developing technologies to enable civilian supersonics aircraft. Two of the top challenges to such vehicles have been sonic boom and noise around airports. One approach for reducing sonic boom is to avoid abrupt changes in aircraft cross-sectional area, hence embedding the propulsion. For the propulsion system to vary its bypass ratio to meet both cruise performance and airport noise requirements requires variable area nozzles. Both of these aspects of supersonic aircraft design point to the need for non-axisymmetric inlets and nozzles. Many existing noise prediction tools explicitly assume axisymmetric nozzle geometry and may not predict noise accurately from such inlets and nozzles; others simply have not been demonstrated. As part of its exploration of nozzle concepts for quiet civilian supersonic aircraft, the NASA Supersonics Project created a family of high aspect ratio nozzles, the Extensible Rectangular Nozzles (ERN).
The initial goal of testing of the ERN was to determine whether high aspect ratio nozzles showed promise for noise reduction, to gather basic noise data for creating empirical models, and to provide flow data for advanced noise prediction code development. The promise of acoustic analogy codes is that the impact of geometric variations in nozzle shape can be captured by
Reynolds-Averaged Navier-Stokes (RANS) solutions with enough fidelity to predict their acoustic impact. Most acoustic analogy formulations 1, 2 require that the detailed source terms, often involving space-time correlations of either velocity or Reynolds stresses, can be modeled given only the overall turbulent kinetic energy and a dissipation variable. Acoustic source amplitude, time and length scales are derived from these flow parameters to construct the model.
However, remaining undefined is the split of the kinetic energy into the spatial components of the correlation matrix. Either explicitly or implicitly, the relationships between cross-stream and axial components of velocity are also modeled, often based on rather simple ideas of the isotropy American Institute of Aeronautics and Astronautics of turbulence, a la Batchelor 3 . Given the significant number of modeling coefficients involved, such models may work as long as the jet flow does not deviate far from that for which it was calibrated (usually a round jet). But when the geometry is strongly nonaxisymmetric will the turbulence continue to have the same split in its directional components? And will this break the internal models for the source terms? Or are all jet flows sufficiently the same in the isotropy of the turbulence that a common model will suffice?
The particle image velocimetry (PIV) data reported here serves to validate the computational fluid dynamics solutions being used in the development of acoustic prediction codes. By choosing nozzle geometries with relatively simple shape, robust CFD can be done easily.
Secondly, it serves as a test case for checking whether the isotropy of the turbulence is significantly affected by the overall nozzle geometry. Rectangular nozzles represent relatively strong non-axisymmetry at a very low azimuthal order, with significant portions of the flow having different amounts of azimuthal curvature-very different from round jets. They are also of interest in applications, making this study useful on several levels.
Design of the Extensible Rectangular Nozzle (ERN) model system using computational fluid dynamics was documented in Reference [4] . The main design criterion was to create a family of rectangular nozzles that had uniform velocity at their exit plane. The nozzles were tested for farfield noise in December 2010 and acoustic results reported in Reference [5] . Detailed velocity field measurements are presented in this paper. 
A. Facility
The test was conducted on the Small Hot Jet Acoustic Rig (SHJAR, pronounced with a silent 'J'). The rig is located in the Aeroacoustic Propulsion Laboratory (AAPL) at the NASA Glenn
Research Center in Cleveland, Ohio. The SHJAR was developed to test jet noise reduction concepts at a low technology readiness level (TRL 1-3) and at minimum expense, and to conduct 4 American Institute of Aeronautics and Astronautics fundamental studies of jet noise and jet turbulent flow fields. Since 2003 more than ten PIV test campaigns have been conducted in the SHJAR. Of significance to this report is the compilation of particle image velocimetry (PIV) results found in Reference 8 and the synopsis of PIV methodology described in Reference 9. Details specific to the test being reported are given below.
B.
Model Hardware
The nozzles being tested were designed with a few criteria in mind. The key criteria were that the flow at the exit plane of the nozzle be uniform without swirl from the round-to-rectangular transition; that there be no separations on internal surfaces of the nozzles, that the nozzle lip be very thin to avoid lip-separation noise, and that the nozzles for a given aspect ratio have the same internal shape independent of the external features. The details of the design process, including CFD and mechanical stress analysis, are covered in a conference paper [4] .
The nozzles that were eventually fabricated for this test are shown in Table 1 . Three aspect ratios were chosen, 2:1, 4:1, and 8:1 with height h and width w giving an equivalent diameter of 2.14 inches (545mm). Beyond the basic rectangular nozzles, beveled designs with two different extension lengths L were constructed for each aspect ratio. The lengths of the lower edge of beveled nozzle were made in increments relative to the minimum dimension of the rectangular nozzles, as given in Table 1 . Other variations in nozzle design were constructed and tested, including chevrons on the wide sides of the rectangular nozzle, but these results will not be presented here for brevity. Finally, PIV data was acquired with a round nozzle of similar size (2 inch diameter) that has been tested extensively before (cf. Reference 8; SMC000). Beyond being a reference for these rectangular nozzles, the SMC000 data allowed a check that the rig and instrumentation were performing as before. American Institute of Aeronautics and Astronautics 
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Bevel nozzle,
Because the test program had such a large number of geometries, and a large number of orientations for each of these geometries, only a cursory number of flow setpoints were explored.
The flow setpoints were extracted from a much larger set that spans the range of velocity and temperatures previously tested on SHJAR for round and chevron nozzles. This subset was focused on the high subsonic flows that are likely to be important in civilian supersonic aircraft.
In this paper data will be presented for an unheated flow at acoustic Mach number 0.9. All cases were also acquired for at heated flow at static temperature ratio of 2.3, but these data did not yield any different conclusions.
C. Instrumentation
PIV data were acquired in two modes: two-component streamwise, and three-component cross-stream. Both used the same lasers, cameras, and image acquisition equipment. Seeding of the jet flow was done using a pH-stabilized dispersion of 0.4µm alumina particles in alcohol, which was atomized into the flow upstream of the SHJAR settling chamber. Seeding of the American Institute of Aeronautics and Astronautics ambient air was provided by a pair of MDG TM oil foggers, located in the framework of the SHJAR and directed around the jet plume by a pair of 1m-diameter room fans.
3-D Stereo PIV Configuration
The Stereo Particle Image Velocimetry (PIV) system was configured to provide cross-stream measurements of the three-component velocity field from the test article. The entire PIV system was mounted on a large traverse system to facilitate performing plane surveys of the flow field.
The PIV system employed two high-resolution (4008 x 2672 pixels) cameras equipped with 7-inch focal length lenses and 0.31-inch extension tubes to provide a 11.8 x 14.2 inch field of view.
The cameras were mounted downstream of the model exit plane at nominally ±45º from the nozzle centerline. Stereo PIV calibrations were performed using a single plane target translated to 9 axial positions over a ±0.1 inch range. A 4 th -order polynomial was used in the calibration and a calibration verification operation was employed to insure the calibration overlapped the laser light sheet plane. The measurement plane was illuminated using a dual head 400 mJ/pulse Nd:YAG laser system. The laser beams were formed into 0.05 x 14 inch light sheets using cylindrical and spherical lenses. Both cameras were connected to a single computer system via a CameraLink TM PCI card and the 400 frame pair data sequences were acquired and streamed to disk at a rate of 2 frame-pairs/camera/sec. following cold start-up, traverse re-zeroing adjustment was required and performed immediately after reaching steady state flow conditions by optical means, using the current camera nozzle views to known reference locations at the nozzle exit planes.
2-D Streamwise PIV Configuration
To maximize the field of view while maintaining high spatial resolution PIV vector maps, a dual side-by-side camera configuration was used. The 4008x2672 pixel stereo PIV cameras were used with the 4008-pixel axis oriented vertically with fields of view that overlapped by 1 inch. A PIV calibration target was used to calibrate and register the two cameras. The physical registration of the two cameras was used in the setup of the vector processing grids in the left and right camera images so that no interpolation was required in the merging of the left/right vector maps. The final merged camera vector map covered an area of 15 x 12.8 inches.
Vector Processing
Velocity vector maps for each camera were computed from the image pairs using the in-house 
Geometries of measurement planes
The origin of the coordinate system was the center of the exit plane of the basic rectangular nozzle. The streamwise PIV field of view was centered on the jet axis. Streamwise PIV data were acquired in two orthogonal planes for each basic rectangular nozzle corresponding to the two symmetry planes of the nozzle. Only the plane containing the minor axis (symmetry plane) American Institute of Aeronautics and Astronautics of the beveled nozzles was measured. The beveled nozzles were mounted such that the longer edge was away from the source of the light sheet, allowing the sidewalls of the nozzle to shield the cameras from the reflection of the light sheet on the inner nozzle surface. The PIV system was traversed axially in increments of 11", creating a 1.5" overlap between acquisitions, providing a total scanned field of 45" with 4 acquisitions.
The cross-stream PIV had a nominal field of view of 12" x 14" per acquisition point. Data
were acquired at 11 axial stations given in Table 2 . This full matrix of locations applied to the baseline round and rectangular nozzles. Beveled nozzles extended downstream of the baseline exit plane and locations were dropped if they intersected the model. For instance, for the long bevel nozzles, the first three axial stations were not acquired. The first position available for each model was as close to the nozzle exit as possible. 
III. Results
A. Validation of design of contraction on rectangular nozzles
Velocity data were acquired on a plane approximately 0.2 inches downstream of the exit of the rectangular nozzles to document the initial velocity profile of the jet. This is critical since different methods of transitioning from the round plenum to the rectangular exit generally produce swirls (typically found in the corners) and nonuniformity of the mean velocity.
In Figure 1 Designing a nozzle with uniform mean exit velocity is not as difficult as not having axial vorticity. In the design of these nozzles RANS CFD often showed counter-rotating axial vortices in the corners due to the differential contractions of the horizontal and vertical walls. Several redesigns were required to remove these artifacts. In the data shown here the vorticity measured is often not concentrated in the corners, but along the small edge. And when the vorticity is concentrated at a nozzle corner it is asymmetrically paired as is typical of axial vortices produced by uneven acceleration of nozzle walls. For reference, the maximum ω 1 vorticity levels in the cross-stream plots are 1/40th that of the cross-stream ω 1 vorticity in the initial shear layer. The main objective of the design CFD effort was to achieve a uniform flow profile at the nozzle exit plane with no swirl. To the degree this could be measured, this objective was achieved. American Institute of Aeronautics and Astronautics 
A. Mean and variance of velocity
To get an overview of the flow fields which result from the different nozzles a series of contour plots have been prepared showing the mean and variance of axial velocity component in the measurement planes. In the following, mean and variance of velocities are defined as follows:
(1)
Round nozzle
For reference, and to provide a verification dataset for the PIV instrumentation used in this test, data from the round SMC000 nozzle is presented first. For the round nozzle only one streamwise plane was measured. This plane, and the series of cross-stream planes also measured for the unheated, Ma = 0.9 flow condition (setpoint 7) are given in Figure 2 . The results are comparable to measurements made in previous years on this rig 8 . 
Rectangular nozzles
For the basic rectangular nozzles two streamwise planes were measured, one containing the minor axis (x,y) and one containing the major axis (x,z). In the Figures below, both mean and variance of axial velocity are shown in panels For starters, the profiles of uu/U j 2 along the liplines of the rectangular nozzles had a rather sharper peak than in the round jet. The locations of these peaks varied on the two axes, being closer to the nozzle on the major axis than on the minor axis. In fact, the peak in the turbulence on the major axis seems to correspond to the end of the potential core.
Figure 7 Mean and variance of axial velocity on centerline (left), minor-axis lipline (middle), and majoraxis lipline (right) of rectangular nozzles with aspect ratio 2:1 (top), 4:1 (center), and 8:1 (bottom)
at Ma = 0.9, unheated.
Beveled Rectangular Nozzles
Turning to the impact of the bevel on rectangular jet plumes, Figure 8 shows 
The nomenclature of 'components of TKE' comes readily by splitting out this sum. In measurements it is often the case that only one or two of the velocity components can be measured and approximations between the measured component and the full TKE are useful. The relationships between the components are also of importance in models of acoustic source strength. These relationships will be considered next.
Define the total cross-stream turbulent energyas the sum of the two cross-stream components, ,
where vv, ww are the cross-stream components in Cartesian coordinates and rr, tt are the radial and tangential components in a cylindrical coordinate system. In the round jet, it has been noted that the axial component of turbulent velocity uu is larger than the cross-stream components and that the tangential component tt is slightly larger than the radial component rr. 
Rectangular nozzles
The same analysis of the turbulent velocity components was carried out on the rectangular nozzles. These are a bit more complicated in that the shear layer does not lie on a constant radial coordinate and thus transverse and radial components are not as useful in describing the shear layer.
In Figure 13 the ratio of cross-stream to axial components of TKE are shown for three baseline rectangular nozzles. The first observation is that there appears to be more systematic variation in qq/uu for the rectangular nozzles than for the round nozzle. The ratio is consistently lower on the high-speed side of the shear layer, more pronounced than in the round jet. Also like the round jet the average ratio increases with downstream distance, but the ratio is higher for the same downstream locations (same distance in equivalent diameters). Furthermore this trend increases with increasing aspect ratio.
The plots of the ratio vv/ww require more thought than in the case of the round jet. In the potential core region where there are holes in the contour plots because there is no turbulence the ratio has similar levels as the round jet on the primary axes. Values in the ratio are 1.4 or slightly more on the z-axis and the inverse on the y-axis. Indeed along the potential core the shear layer is very two-dimensional on each side of the nozzle and the anisotropy is similar along the shear layers. After the end of the potential core the ratio is greater than 1 near the centerline. This is consistent with a predominant flapping of the jet in the minor axis plane. By the last measurement station the cross-section has become round and vv/ww ratio distribution becomes similar to that of the round jet.
In an attempt to better quantify the trends described above for the ratio of cross-stream to axial components qq/uu, the values of qq/uu have been averaged over the measurement planes for the regions shown (e.g. where uu/U j 2 > 0.002). The spatial average <qq/uu> as a function of downstream distance is plotted in Figure 14 for all three baseline rectangular nozzles and the axisymmetric SMC000 nozzle. American Institute of Aeronautics and Astronautics As described above, the round jets have an average value of qq/uu between 1 and 1.1 over the range of reliable measurements (measurements made upstream of x/D j = 3 showed some disagreement between the streamwise and cross-stream measurements and were excluded here). 
C. Lengthscales of Turbulence
Beyond modeling the strength of acoustic sources using turbulent kinetic energy from RANS solutions, acoustic analogy codes also require the dissipation fields to estimate time and Figure 17 ). In the correlations of axial velocity the lengthscales are much
shorter near the centerline than on the outer regions of the plume. In the correlations of radial velocity the lengthscales are more nearly uniform across the plume. 
Round nozzle
Rectangular nozzles
Modeling the lengthscales in a rectangular jet becomes more complicated by the lack of axisymmetry. Using the streamwise PIV data, the relationship between the lengthscales is Finally, the cross-stream lateral lengthscales are extracted along the jet centerlines in Figure   23 . As remarked above, the L 22 lengthscale, aligned with the minor axes of the rectangular nozzles, shows a very significant increase over the round jet. The L 33 lengthscale does not.
Clearly there is a very significant large-scale unsteady motion in the plane of the minor axis of the rectangular jets, particularly as the aspect ratio exceeds 2:1. 
IV. Discussion
In trying to synthesize the impact of aspect ratio on the flow and turbulence statistics it is tempting to say that increasing the aspect ratio shortens the potential core and that the impact on Clearly it is not possible to collapse all the rectangular jet statistics to a single plot by a simple normalization; however, it is possible that many measures, especially those in the potential core region, can be collapsed by rescaling by minor exit height rather than equivalent area. In a previous report 5 , the noise of rectangular nozzles was found to increase with aspect ratio over much of the high frequency range. From the measurements presented above this seems consistent with a shortening of the jet potential core, forcing more turbulent kinetic energy in regions of smaller timescales near the nozzle. There were significant changes in the azimuthal distribution of the noise, perhaps best described as changes in the polar directivity with azimuthal angle. Without extensive invocation of an acoustic analogy theory it is difficult to attribute any of the features of the turbulence measured here with the azimuthal dependence. In
